Genomic DNA size was measured in three strains of Pseudomonas aeruginosa, ATCC 29260 (exotoxin A), ATCC 33467 (type I smooth) and ATCC 33468 (type 2 mucoid) by transverse alternating field electrophoresls of restriction fragments. Because of the high (67%)
INTRODUCTION
The recent development of pulsed field gel electrophoresis (PFGE) (1) (2) (3) (4) provides the means to separate large DNA fragments and whole chromosomes up to 10,000 kb in size (5 -8) . Whole chromosomes from Saccharomyces cerevisiae and S. pombe are readily separated by transverse alternating field electrophoresis (TAFE). Chromosome sizes vary from 200-1140 kb for S. cerevisiae (9) and 3000-9000 kb for S. pombe (10) . Human chromosomes are significantly larger, ranging from 50,000 kb (chromosome 21) to 250,000 kb (chromosome 1), and have not yet been separated successfully by alternating current electrophoresis systems (11) . However, this technique, combined with restriction analysis (12) , has been applied successfully to estimate sizes of circular bacterial chromosomes from E. coli (13) , Mycoplasma mycoides (14) and Haemophilus influenzae (15) (16) (17) .
We report here the genomic DNA size of three Pseudomonas aeruginosa strains determined with PFGE and report significant differences in restriction fragment sizes in one of the strains.
METHODS

Pulsed field gel electrophoresis
Bacterial DNA was separated in a GeneLine TAFE system (Beckman) developed by Gardiner (18) . Gels were made of 1 % low endoosmosis (LE) agarose (Beckman) and run at 12°C, 150 mA, constant current, in TAE buffer (0.01M Tris, 0.0O01M EDTA, 0.00435M acetic acid). Pulses from 1 to 60 seconds were applied over 15 -18 hr to separate 2 -1600 kb DNA fragments. The gels were stained with ethidium bromide and photographed using an ultraviolet transilluminator (Spectroline, 302 nm).
DNA standards
Four DNA standards were used. 5. cerevisiae plugs (9) and lambda concatemers (43.7 and 48.5 kb monomer) were purchased from Beckman. High molecular weight DNA standards from 50 ng lambda restriction digests (BRL) were incubated at 65 °C for 10 minutes to minimize spontaneous annealing at cos sites, then mixed with 1.2 ml 1 % LMP agarose and molded into plugs. Lambda Hindm digests (500 fig Sigma) were suspended in a mixture of 1.5 ml TE buffer and 1.5 ml 1 % LMP agarose and molded into plugs. All plugs were stored at 4°C in TE buffer.
Pseudomonas strains
Pseudomonas aeruginosa strains ATCC 29260, 33467 and 33468 were chosen for restriction fragment analysis. Strain 33467 is smooth and strain 33468 is mucoid, but both lack indophenol oxidase usually found in Pseudomonas (19) . Strain 29260 (PA-103) is a poor producer of proteases, but produces large amounts of exotoxin A (20) . The bacteria were grown overnight at 37°C in 10 ml trypticase soy (TCS) broth with shaking, suspended in 2.0 ml TE buffer, mixed with an equal volume of 1 % LMP agarose in lysis buffer and poured into plug molds. Plugs were shaken overnight at 37°C in 5 ml TE buffer containing 1M NaCl and 1 mg/ml lysozyme to lyse the cells. A second incubation was performed at 50°C for 48 hours in 5 ml TE buffer containing 1 % SDS and 1 mg/ml proteinase K. Plugs were then incubated overnight at room temperature, in TE buffer with 10 mg/ml PMSF. The plugs were washed four times in TE buffer for 12 hours and stored at 4 C C until used.
Restriction enzymes
Restriction enzymes, selected for their specific cleavage sites, were purchased from commercial sources and used according to the recommendations of the manufacturer. Pseudomonas plugs were incubated overnight in 60 /il of restriction buffer with 1 -2 III of the selected enzyme (21) . All materials and utensils were autoclaved or washed in alcohol to eliminate contaminating The presence of plasmids was investigated in samples subjected to pulsed field electrophoresis for 18 hr (60 and 120 second pulses) without restriction cleavage (22) .
RESULTS
A total of 65 restriction enzymes were used to screen for fragments from the Pseudomonas 33468 genome. All 65 restriction enzymes cut the genome into multiple fragments. Table 1 lists the restnction enzymes screened for this study, and the largest fragment detected for each enzyme.
Three tetranucleotide sequences, AT AT, TTAA and CTAG, were extremely rare in Pseudomonas DNA, and each of the 8 rare cutting restriction enzymes contained one of these tetranucleotides in their recognition sequences.
Strains 33467 and 33468 had identical restriction patterns with all restriction enzymes tested (AflU, Asnl, Dral, Hpal and Spel). The fragments produced by digesting strain 29260 with the same enzymes were markedly different (figures 1-2) .
To determine the size of the Pseudomonas genome, restriction fragments resulting from Spel digestion were compared with standards. Strain 29260 yielded 29 fragments ranging in size from 20 to 720 kb, and strains 33467 and 33468 had 31 identical fragments ranging from 11 to 695 kb. The total size of the Pseudomonas genome was 5573 kb (29260) and 5407 kb (33467 and 33468) (table 2) .
No plasmids were detected in either strain. Since all the Total number of fragments 29 31
Total kilobase size of genome 5573 5407
and is described as a fairly typical Pseudomonas. We found no plasmids to account for the size difference between strains. The similarity in size and number of fragments of the three genomes, however, supports the ATCC listing that all strains are of the same species.
McClelland etal. (21) calculated trinucleotide frequencies from sequenced Genbank DNA and found the rarest sequences to be CTA/TAG (1.44%), TAA/TTA (1.70%) and ATA/TAT (1.89%). Our own analysis of the 29 Pseudomonas sequences currently available in Genbank showed the three same rare trinucleotides in the order TAA/TTA (0.88%), ATA/TAT (1.11%) and CTA/TAG (1.29%). Our experimental data confirms those results, with all 8 rare cutting enzymes recognizing one of these three sequences.
We conclude that the best approach to genomic size studies is to choose restriction endonucleases with recognition sites that contain trinucleotides occurring infrequently in sequenced genomic DNA from the organism. If genomic DNA has not been sequenced, then the restriction enzymes can be selected based on G+C content of the organism.
We also conclude that PFGE provides a highly sensitive method for distinguishing different strains of bacteria. The size of the Pseudomonas aeruginosa genome has now been determined, and the Spel restriction fragments have been identified. The next step in clarifying the gene map of Pseudomonas aeruginosa will be to construct a physical map of the restriction fragments.
